Calibration by hydrogen cyanide (HCN) absorption spectrum can make the fiber Bragg grating (FBG) demodulation system immune to environment temperature changes. The transmittance function of Fabry-Perot (F-P) filter will result in the distortion of the HCN absorption peaks. A demodulation scheme based on deconvolution is proposed to eliminate the impact of the F-P filter. A recovered HCN absorption spectrum with deeper, narrower and more symmetrical absorption peaks is obtained for the Bragg wavelength calibration. It is proved experimentally that this method can reduce the standard deviation of demodulated FBG wavelengths by at least 45.9% at a constant temperature, and 42.9% in the environment of varying temperature from 10 • C to 60 • C. Compared with the method of Bragg wavelength calibration based on the original HCN absorption spectrum, the spectral bandwidth that can be accurately demodulated is also expanded to the whole C-band.
I. INTRODUCTION
Fiber Bragg grating (FBG) sensing has attracted intensive interest recently in applications of numerous fields [1] - [3] . So far, many demodulation schemes have been developed, such as optical interferometer method [4] , edge filtering method [5] , tunable laser or tunable Fabry-Perot (F-P) filtering method [6] , [7] and spectrum analysis method [8] . Among them, the FBG demodulation system based on tunable F-P filter has been widely studied and applied due to its high demodulation precision.
In practical applications, significant changes sometimes occur in temperature. For example, the spacecraft usually works in the environment with vacuum and severe The associate editor coordinating the review of this manuscript and approving it for publication was Muguang Wang . temperature changing conditions [9] , [10] . Besides, the fiber sensing system for monitoring of international oil pipelines may also face the challenge of severe temperature and humidity changes [11] . FBG reflection spectra demodulators based on the combination of tunable F-P filter and F-P etalon is susceptible to the unpredictable temperature variation [12] , which will cause a large error. Therefore, it is particularly important to construct a FBG demodulation system with corresponding algorithm suitable for the environment with severe temperature change. Researchers proposed several wavelength reference methods for real-time calibration in order to stabilize the sensing FBG demodulation results.
The absorption lines of acetylene (C 2 H 2 ) and hydrogen cyanide (HCN) are employed to calibrate the etalon due to their insensitivity to temperature variation [13] - [15] . But the extra calibration module will cause a complex structure and VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ introduce additional errors. The method that only applying the absorption lines of acetylene (C 2 H 2 ) as the wavelength reference has been proposed [16] . The wavelength coverage range is only 3nm, which limits the wavelength division multiplexing ability of sensing system [17] . Another method applying HCN as the absolute wavelength reference has been reported [18] . A tunable F-P filter is applied to control the output of the amplified spontaneous emission (ASE) broadband light source in this method. According to the reference [18] , the two peaks with certain wavelengths of 1541.75280 nm and 1543.11423 nm next to the band center are called ''mark points'', which play the important role in demodulation. However, this method can obtain high precision only when the Bragg wavelengths are on the spectral regions with deep HCN absorption lines [18] . Due to the absorption rate of HCN, the absorption peaks are very shallow on the edges of the C-band and around the ''mark points'' [19] . Besides, the transmittance function of the F-P filter will result in the distortion of HCN absorption peaks, which makes the peak fitting difficult and reduces the demodulation precision, further [18] .
The demodulation precision will be enhanced by using wavelength tunable laser source with ultranarrow output linewidth, or optical spectrum analyzer with ultrahigh resolution [20] . This kind of devices are obviously too expensive for large-scale applications. In this paper, the impact of the F-P filter transmittance function on demodulation precision is studied analytically and experimentally based on the demodulation system with ASE light source and F-P filter. A spectral deconvolution algorithm is proposed to recover the HCN absorption spectrum from the distortion caused by F-P filter. The recovered HCN spectrum with deeper, narrower and more symmetrical absorption peaks is conducive to subsequent peak fitting in demodulation. It is demonstrated experimentally that this method can effectively reduce the standard deviation of demodulated FBG wavelengths at a constant temperature as well as in the environment of temperature varying from 10 • C to 60 • C. Compared with the method of Bragg wavelength calibration based on the original detected HCN absorption spectrum, the spectral bandwidth that can be accurately demodulated is also expanded to cover the whole C-band, additionally. Figure 1 shows the configuration of the FBG sensing demodulation system with HCN gas cell for absolute wavelength calibration of the FBG. The ASE broadband light source, the isolator and the F-P filter compose the scanning light source module. The light from the ASE light source passes through the isolator and enters the F-P filter. Light signal with swept wavelength is generated when a triangle wave voltage is imposed on the F-P filter. The output light signal is divided into two parts by the coupler and sent into the paths respectively in which the FBGs and HCN gas cell located. Several FBGs are series connected and placed in the temperature calibrator with precisely stabilized temperature to examine the relationship between Bragg wavelength and demodulation precision. Light is reflected by FBGs and received by a photodetector (PD) if the wavelength of light is coincided with the Bragg wavelength of FBG meanwhile a PD in another channel detects the HCN absorption spectrum after the light passing through the gas cell. The Faraday rotating mirror (FRM) is applied to double the effective absorption length of the HCN gas cell and to mitigate interference fringes between residual reflections. A square wave with the same frequency as the triangle wave is set to trigger the two PDs in different channels to sample data simultaneously. The optical signal detected by PDs is sent to the industrial personal computer (IPC) for further processing by the data acquisition (DAQ) card finally.
II. METHOD A. DEMODULATION SYSTEM
In this system, the HCN absorption spectrum serves as the wavelength reference, which consists of a series of absorption peaks. The wavelengths of these peaks are precisely known and extremely insensitive to temperature. For this reason, a more accurate Bragg wavelength can be obtained by demodulation.
B. THEORY
The medium in F-P cavity of the tunable F-P filter in this system is air, and its refractive index is 1 at room temperature. As the environment temperature changes, the reflectivity of the F-P cavity and the medium refractive index will also change, affecting the full width at half maximum (FWHM) of the F-P filter transmittance function. This phenomenon leads to the distortion of the HCN absorption peaks, including broadening, shallowing and asymmetry. The HCN spectrum detected by the PD is the convolution between the real gas cell absorption spectrum and the F-P filter transmittance function. The spectral deconvolution algorithm can mitigate this spectral distortion caused by the F-P filter transmittance function, resulting in the deeper, narrower and more symmetrical absorption peaks, which facilitate the subsequent peak fitting and improve the demodulation precision. It is worth mentioning that, although the demodulation precision can be greatly improved by a peak fitting algorithm alone, the precision is still constrained due to the adverse effects such as spectral broadening and asymmetry of the peaks caused by F-P filter transmittance function. These adverse effects will distort the detected spectrum making it difficult to fit accurately. The deconvolution method can solve this problem fundamentally. Then, a peak fitting method is conducted to the recovered HCN spectrum, and the demodulation precision can be obviously improved.
It can be seen from Fig. 1 that the wavelength of output light is tunable over time t according to the F-P filter. After passing the gas cell, the HCN absorption signal p(t) detected by the PD is a time series signal, which reflects the HCN absorption spectrum. In the time domain, p(t) can be expressed as the convolution between the real HCN spectrum signal g(t) and the F-P filter transmittance function signal h(t):
Similar to the HCN absorption signal p(t), h(t) is also a time series signal, which reflects the transmittance spectrum of F-P filter when the center wavelength is swept over time t at a certain rate. Therefore, g(t) can be obtained by deconvolution theoretically, which is shown in Fig 2. According to convolution theorem, (1) can be rewritten as (2) in the electrical frequency domain corresponding to the Fourier transforms of the time signals:
So the real signal of HCN spectrum in electrical frequency domain can be expressed as
Then the real HCN absorption signal g(t) can be obtained by inverse Fourier transform to G(ω) according to (4) [21] .
Thus, the real HCN absorption signal can be recovered by deconvolution of the detected HCN absorption signal with the filter transmittance function signal.
C. DATA PROCESSING METHOD
According to the discussion above, the calculation of the recovered HCN spectrum by deconvolution is the key in this algorithm. The recovered HCN spectrum will be obtained according to the flow chart shown in Fig. 3 . It can be seen that this flow chart is divided into two parts. In the first part, the impact of the light source envelope on the detected HCN absorption signal should be eliminated firstly, which results in a baseline wander on the HCN absorption signal. As shown in Fig. 4(a) , the envelope of ASE light source can be collected directly by the PD through adjusting the gain to an appropriate level, then normalization is conducted by division by the ASE envelope. The result is shown in Fig. 4(b) . Then, the low-pass filter is applied to eliminate the random noise. Since p(t) is a time series signal, FFT is conducted to transform the HCN absorption signal from p(t) in time domain to P(ω) in frequency domain.
In the second part, the transmittance function signal of the F-P filter h(t) is obtained by a wavelength tunable laser and a PD, which is shown in Fig. 4(c) . A wavelength tunable laser with ultranarrow linewidth is employed to obtain the transmittance function signal of F-P filter, then denoising is conducted to the signal. However, neither the scanning frequency of wavelength tunable laser nor the scanning frequency of F-P filter driven by the triangle wave signal can be controlled precisely. Besides, it is impossible to keep a constant scanning speed in the wavelength scanning. Interpolation is conducted to adjust the FWHM of the h(t), trying to find the actual filter signal corresponding to the HCN spectrum detected in the FBG demodulation system. Circulation is constructed in the program. In every circulation, interpolation is conducted to increase the FWHM of the filter signal h(t), and deconvolution is conducted according to (1)-(4) to obtain g(t). The interpolation multiple is 1/x, x starts from 0.7, and the step length is −0.01. Then it is necessary to find a suitable criterion as the circulation terminal condition:
where g(n, k) is the amplitude of a certain point in the result obtained by the k th circulation, and g(n, k − 1) is the amplitude of the corresponding point in the result obtained by the k − 1 th circulation. For the convergent algorithm, the difference between the results of two adjacent circulation tends to be minimal with the circulation. Therefore, the difference ε k between the two adjacent results is calculated according to (5) to determine whether the convergence is achieved. The circulation will be terminated if ε k is less than a certain threshold ε, and the optimal recovered HCN absorption signal with deep, narrow and symmetrical absorption peaks is obtained. Then, the peak fitting algorithm is conducted to the absorption peaks less than an appropriate threshold, and the HCN absorption wavelengths are obtained from the fitting results. The HCN absorption spectrum supplies absolute wavelength reference, from which the Bragg wavelength of FBG could be calculated accurately by interpolation [18] .
III. EXPERIMENT AND DISCUSSION
Experiments are performed to verify the effectiveness of the algorithm in improving the demodulation precision. The experimental system is established according to Fig.1 .
The power of ASE light source is 30 mW, and the spectral range covers 1525 ∼ 1565 nm. The F-P filter is driven by a 200 Hz triangle wave. The data sampling rate of DAQ is set at 10 MHz. A HCN gas cell with pressure of 25 Torr and effective optical length of 16.5 cm is employed. The light source, the F-P filter and the HCN gas cell are put into the thermal chamber in order to simulate environmental temperature changes to the FBGs. For the HCN gas cell in the Standard Reference Material (SRM) 2519a with standard pressure of 25 Torr (∼ 3.3kpa) employed in the system, the influence of operating temperature, including direct temperature-induced drift of absorption lines and indirect drift caused by pressure, is less than 0.01099 pm/ • C [14] , [19] . Compared with the F-P etalon whose temperature drift is usually greater than 0.2 pm/ • C, the HCN gas absorption line has high temperature stability. Five FBG sensors are placed in series in the metrology well calibrator (Fluke 9170). The Bragg wavelengths of the sensors are 1528 nm, 1534 nm, 1542 nm, 1556 nm and 1562 nm respectively. The reflectivity of each FBG sensor is above 80%. The calibrator temperature is remained at 25 • C, with the temperature stability better than ±0.005 • C. Since the FBG temperature sensitivity is 10 pm/ • C, the wavelength drift caused by the calibrator is less than ±0.05 pm.
Firstly, the demodulation performance is studied at a constant temperature. The purple curve and the green curve in Fig. 5 indicate the detected HCN absorption spectrum and the HCN absorption spectrum recovered by deconvolution algorithm at 60 • C respectively. As shown by the purple curve, the absorption peaks are broadened and distorted obviously. What's more, the absorption peaks near the mark points (pink points marked in Fig. 5 ) and on the edges of the C-band are very shallow, and even cannot be distinguished from the meaningless peaks nearby. For these reasons, the center wavelengths of some peaks cannot be obtained precisely by peak fitting. It can be seen obviously from the green curve that the absorption peaks in the recovered spectrum become narrower, deeper and more symmetrical compared with those in the detected spectrum, especially the peaks near the mark points and on the edges of the C-band. This is because the absorption peaks in these spectral regions are much shallower than those in other regions due to the absorption rate of HCN gas, thus they will be affected more obviously by the filter transmittance function, the baseline fluctuation and other random noise. The algorithm proposed in this paper, including deconvolution, normalization, and denoising, can eliminate the impact of these factors mentioned above. Thus, the absorption peaks in these spectral regions benefit more, improving the demodulation precision significantly.
Taking the FBGs with the Bragg wavelengths of 1528 nm, 1542 nm and 1562 nm as examples, the demodulation results of the 4000 frames of data measured in 20 seconds at 60 • C are shown in Fig. 6 . It can be seen from Fig. 5 that Bragg wavelengths of 1528 nm and 1562 nm are on the edges of the C-band, while the Bragg wavelength of 1542 nm is near the mark points. Figure 6(a) , (c) and (e) show the measurement errors of demodulated FBG wavelengths based on the detected HCN spectrum. In contrast, as shown in Fig. 6(b), (d) and (f), the measurement errors of the demodulated FBG wavelengths based on the recovered HCN spectrum are limited within ±2.1 pm. The standard deviation is less than 0.976 pm as shown in Table 1 . Compared with the results based on the detected HCN absorption spectrum, the measurement error is reduced by 53.3% at least, and the standard deviation is reduced by 45.9% at least. Thus, the demodulation precision is significantly improved by applying the recovered HCN absorption spectrum as the wavelength reference at a constant temperature.
Further research is carried out in the whole heating process. Taking into consideration the cabin temperature of spacecraft during orbiting and the experimental conditions [22] , the Fig. 7(a) and (c). As shown in Fig. 7(b) and (d) , the spectral deconvolution algorithm is conducted and the measurement errors of the demodulating wavelengths are limited within ±2.7 pm, which is reduced by 41.3% at least. The standard deviation is less than 0.971pm, which is reduced by 42.9% at least. Therefore, the demodulation precision is improved by the spectral deconvolution algorithm in the whole heating process.
Besides the results shown in Fig. 6 and Fig. 7 , FBGs with Bragg wavelengths of 1534 nm and 1556 nm are also examined in experiment. These wavelengths are located on the spectral regions with deep peaks in original detected HCN spectrum. The standard deviation of the demodulation wavelengths of 1534 nm and 1556 nm is also obviously reduced compared with traditional method, which is shown in Table 1 . However, it can be seen that, the highest precision is still obtained from the FBGs that are in a region with deep absorption lines. This is because the deconvolution only eliminates the impact of the F-P filter transmittance function, all absorption lines of the HCN absorption spectrum become deeper and narrower than before. Therefore, the demodulation precision of all FBG sensors with different Bragg wavelengths is improved, especially the absorption peaks near the mark points and on the edges of the C-band which are originally shallower because of the absorption rate. However, the absorption regions which are originally deeper still have higher precision after deconvolution, and the Bragg wavelengths demodulation precision has all been improved compared with using the detected HCN without deconvolution. This means that the spectral bandwidth that can be accurately demodulated is expanded from only the spectral regions with deep absorption peaks to the whole C-band meanwhile the Bragg wavelengths demodulation precision has been significantly improved.
The demodulation results shown above are probably affected by the power fluctuation of ASE light source and voltage instability in the circuit employed in our experiment. However, the demodulation precision is improved significantly by the demodulation algorithm based on a recovered HCN absorption spectrum in the same experimental setup. It is believed that the demodulation precision is likely to be higher if better devices are employed in our experiment.
It is worth mentioning that, the precision range of the whole C-band is not significantly improved compared with the current level of the methods using HCN gas cell as wavelength reference. This is because it includes the demodulation results of 1525-1530 nm and 1560-1565 nm which cannot be accurately demodulated in other methods generally [18] . What's more, the scanning frequency of the F-P filter is set at 200 Hz, which is the maximum frequency that can be demodulated by our system in temperature changing environment. As the frequency gets higher, the fluctuation of the demodulated wavelengths will become more largely. Therefore, the higher demodulation precision will be obtained if a lower scanning frequency is set.
IV. CONCLUSION
In conclusion, a Bragg wavelength demodulation algorithm based on a recovered HCN absorption spectrum obtained by deconvolution is proposed to mitigate the impact of the transmittance function of the F-P filter. The effectiveness of this method is proved experimentally. At the constant temperature of 60 • C, the standard deviation of demodulated FBG wavelengths is reduced by 45.9% at least. In the whole heating progress from 10 • C to 60 • C, the standard deviation is reduced by 42.9% at least. Therefore, it can be demonstrated that this method can improve the Bragg wavelength demodulation precision in temperature changing conditions and the spectral bandwidth that can be accurately demodulated is also expanded to cover the whole C-band compared with traditional method. XUEZHI ZHANG received the bachelor's degree from the School of Physics, Nankai University, China, in 2007, and the Ph.D. degree in the major of optics from Nankai University, in 2012. He is currently an Associate Professor with Tianjin University. His research interests include fiber sensing and silicon photonics for bio-chemical sensing.
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